12 BOOTIS: THE NEED FOR ASTEROSEISMIC CONSTRAINTS 
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ABSTRACT 



12 Bootis is a double-lined spectroscopic binary whose 
orbit has been resolved by interferometry. We present a 
detailed modelling of the system and show that the avail- 
able observational constraints can be reproduced by mod- 
els at different evolutionary stages, depending on the de- 
tails of extra-mixing processes acting in the central re- 
gions. In order to discriminate among these theoretical 
scenarios, additional and independent observational con- 
straints are needed: we show that these could be provided 
by solar-like oscillations, that are expected to be excited 
in both system components. 



Table 1. Observational constraints adopted in the mod- 
elling. 





A 


B 


M/M 


1.4160+0.0049 


1.3740+0.0045 


Teff (K) 


6130+100 


6230+150 


L/L 


7.76+0.35 


4.69+0.74 


[Fe/H] 


0.0+0.1 


0.0+0.1 



1. OBSERVATIONAL CONSTRAINTS 



The physical parameters of the system have been pre- 
cisely determined by [ 1 ] combining interferometric and 
spectroscopic observations. A further improvement in 
the determination of the spectroscopic orbit by |2], com- 
bined with interferometric data, confirms the values of 
the masses derived by [ 1 ] and reduces the associated er- 
ror bars. The observational constraints we assume in our 
modelling are taken from Table 5 of 1 1] that, for the sake 
of convenience, we report here in Table ^ As reviewed 
in|G| spectroscopic studies of 12 Bootis in the literature 
(M; 01) indicate a metallicity within 0.1 dex of the solar 
value. 



2. MODELLING 12 BOOTIS 



We model the binary system considering as free param- 
eters the initial chemical composition (described by the 
the hydrogen and heavy-elements mass fraction, X and 
Z), the amount of overshooting, the age and the masses 
of the components. These parameters are changed in or- 
der to reproduce the observational constraints presented 
in the previous section, as well as the additional con- 
straint of same age and initial chemical composition for 
both components. A standard x 1 is used as a goodness- 
of-fit measurement so that each observable is taken into 
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Figure 1. HR diagram showing the solutions found with 
different values of the overshooting parameter: a) aov = 
0.06, b) ckov = 0.15, c) cov = 0.23, and dj aov.A = 
0.37 and ffov.B = 0.15. The parameters of the models 
are described in Table]2\ Also shown in continuous and 
dotted lines are, respectively, the 1- and 2-cr error ellipses 
in T e g and luminosity. 



account along with its uncertainty. The stellar models 
are computed using CLES (Code Ligeois d' Evolution 
Stellaire). The standard physics used is: OPAL01 EOS 
Hi; OPAL96 0] opacity tables complemented with 0] 
at T < 10000 K. Nuclear reaction rates from |8] up- 
dated with the recent measurement of the 14 N(/?, y) 15 
reaction rate J9[; standard solar mixture 11011 . and at- 
mospheric boundary conditions at T — T e ff given by 
full . Chemical mixing in the formal convective region 
(Schwarzschild criterion) and in the overshooting layer is 
treated as instantaneous, the thickness of the overshoot- 
ing layer Aov is expressed in terms of a parameter aov, 
so that Aov = ttov min(r cc , H p (r cc )), where r cc is the ra- 
dius of the convective core. 

As noticed in 1 1 ] the result of the fit is highly dependent 
on the model details. We model the system considering 
different values of overshooting (the same for both com- 
ponents) and find solutions for aov ^ 0.06. The evo- 
lutionary state of the solution depends on aov , as de- 
scribed below (see also Table |2j. For the lowest values 
of overshooting the situation is the one described in the 
upper-left panel of Fig. Q that is: the primary component 
close to the maximum luminosity in the shell-hydrogen 
burning phase, whereas the secondary, with a Xc=0.06, 
is at the end of its central hydrogen-burning phase. As 
aov increases, the evolutionary state of A component ap- 
proaches the TAMS. With aov — 0.15 (upper-right panel 
of Fig. Q the primary is burning hydrogen in a thick shell 
while the component B is well on the main sequence. A 
further increase of the overshooting parameter aov ^ 0.2 
places the primary in the rapid overall contraction phase 
(Fig. ^ lower-left panel) whereas, for even larger values 
of aov, Lb increases out of the error ellipse and therefore 
worsens the fit. 

If we seek a solution where both components are on the 
Main-Sequence, then the main obstacle is to reproduce 
the observed luminosity ratio La/^b ~ 1.65. In fact, as 
both components have the same age and initial chemical 
composition, and if the same amount of extra-mixing in 
the core is considered, the luminosity ratio in the main- 
sequence is determined by the difference of mass be- 
tween the components (q ~ 0.97), and does not signifi- 
cantly depend on the choice of the other parameters in the 
modelling. Regardless of the choice of the parameter set 
( X, Z, aov), all the models computed with aov.A = <*ov,b 
provide (La/^b)ms - 1.15. A higher value of the lumi- 
nosity ratio can be reached if aov.A > cov.b- Therefore, 
the only possibility we find to place both components in 
their MS phase is to assume a different effect of mixing 
processes in component A and B, as in the model plotted 
in the lower-right panel of Fig.n( m °del d in Table |2J. 



2.1. Solar-like oscillations 

Solar-like oscillations are expected to be excited in both 
components of the system. As the primary is expected 
to dominate the observed light spectrum, due to its larger 
luminosity, we here discuss the seismic properties solely 



Table 2. Parameters of the models presented in Fig. 





(Tnv 


Yn 


Zn 


Age ( Gvr) 


a 


0.06 


0.268 


0.0195 


3.08 


b 


0.15 


0.267 


0.0198 


3.30 


c 


0.23 


0.267 


0.0200 


3.58 


d 


0.37,0.15 


0.281 


0.0186 


3.24 



4 



i 30 



20 







M 


/ » 1 
1 1 1 

"i \ ! 1 ' 


i f - 
i i - 
i , . 


\/ / \ . 

- A '< i ' 


-" \ . ' > ' 

11 ^ 

; v « 


i, 


- u 


r 1 

■ 

" i i i i i i i i 


i l i i i " 




-c) 




" 1 1 1 1 1 1 1 1 1 1 1 II " 

:<i) : 






■ r r r r ? : 








t 

i 












i 







600 800 1000 1200 600 800 1000 1200 
v (yiiHz) v (/^Hz) 

Figure 2. Large frequency separation as a function of the 
frequency for the models described in Fig. 0ant/0 Solid 
and dashed lines connect, respectively, Av for radial and 
( — 1 modes. The frequencies of ( — 1 modes provide 
a test to discriminate among the different theoretical sce- 
narios. 

of 12 Boo A. 

As the components of 12 Bootis are massive enough to 
develop a convective core during the main sequence, the 
combined action of nuclear burning and convective mix- 
ing is responsible for the development of a steep chemical 
composition gradient at the boundary of the convective 
core. As a star leaves the main-sequence, the increas- 
ing central condensation, together with the steep chemi- 
cal composition gradient in the central regions, leads to a 
large increase of the buoyancy frequency and therefore of 
the frequencies of gravity modes. The latter interact with 
p-modes and affect the properties of non-radial solar-like 
oscillations by avoided crossings (see e.g. 02, O)- As 
already investigated in the case of r\ Bootis [see e.g. 14], 
the frequencies of modes undergoing an avoided-crossing 
are direct probes of the central structure of intermediate 
mass stars and, therefore, of their evolutionary status. 

In Fig. |2 we compare the large frequency separation Av 
for radial and i — 1 modes computed for the models 
shown in Fig. [2 Even though radial modes do not give 




0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1 
r/R r/R 



Figure 3. Propagation diagram in the core of the models 
in Fig. ^]and]2\ The different evolutionary state reflect 
the different value of aov adopted the models. The solid 
line represents the Brunt-Vdisdld frequency, the dashed 
line the Lamb frequency for I = 1. 



information on the evolutionary status of the star, since 
they are mainly determined by the stellar mass and ra- 
dius, € = 1 modes allow a clear discrimination among 
the scenarios. In the domain of solar-like oscillations, 
whereas modes of mixed p and g character are not present 
in the model on the main sequence (Fig. |2 panel d), they 
do affect, at relatively low frequencies, the model in the 
overall contraction phase (panel c) and break the regular 
frequency spacing in more evolved models {panel a and 
b). 

In the models considered, the radical variation of the 
properties of t = 1 modes derives from a considerable 
change of the Brunt-Vaisala frequency near the center of 
the star (see Fig. [SJl as hydrogen is exhausted through- 
out the convective core and the star undergoes an overall 
contraction. 



3. DISCUSSION 



The binary system 12 Bootis represents as an ideal candi- 
date to test extra-mixing processes in intermediate-mass 
stars. The combination of the already available pre- 
cise observational constraints with solar-like oscillations 
would allow a reliable determination of the extension 
of the convective core during the main sequence and of 
the properties of the central region of the star. A more 
detailed modelling of the system (including the effects 
of diffusive overshooting 1 15] and microscopic diffusion 
flfilo will be presented in a forthcoming paper. 
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